The Bruker AXS SMART BREEZE™ system is a single-crystal X-ray diffractometer designed to collect data from crystals of small organic or inorganic compounds. It is typically equipped with a Molybdenum-anode sealed tube to facilitate data collection from small unit cells. We recently acquired this system, but chose to have it installed with a copper-anode sealed tube with the hope of using it to collect data from larger unit cells such as those found in crystals of proteins or other macromolecules. This is the first and only BREEZE™ system installed by Bruker AXS with a copper-anode to date. Here we show that this system is capable of efficiently collecting quality X-ray diffraction data from crystals of the enzymes lysozyme and xylanase. This capability to collect diffraction data from both macromolecular and small-molecule crystals greatly expands the scope of undergraduate research projects that can be addressed using this instrument.
INTRODUCTION
X-rays were discovered in 1895 by Wilhelm Roentgen at Wurzburg University in Germany, resulting in his winning the Nobel Prize in Physics in 1901. 1 The first diffraction of X-rays from crystals was reported in 1912 by Max von Laue, 2 and a description of the diffraction as reflections from internal planes of electron density was provided soon after by Sir William Lawrence Bragg. 3 These contributions resulted in Nobel Prizes in Physics for von Laue and Bragg in 1914 and 1915 respectively. 1 The first crystal structure reported was for sodium chloride, 4 and since then this technique has become one of the most effective methods for defining the three-dimensional atomic structures of molecules and coordination compounds. X-ray crystallography involves the collection of diffracted rays and analysis of the resulting patterns to generate an electron density map of the molecules in the crystal. X-ray crystallography allows for the imaging of particles as small as the wavelength of the Xrays used, which is often about one to two Angstroms (Å). The low-resolution data are found at low scattering angles, while the higher resolution data diffract to higher angles. This data must be analyzed, and phase information for the diffracted rays must be determined. This is often provided by the analysis of the influence of heavy atoms within the crystal. For excellent discussions of these processes, the reader is referred to the work of Rhodes and Rupp. 5, 6 Molecules must be in a crystalline structure for X-rays to be successfully diffracted and molecular models to be determined. This is a challenge in the case of protein molecules because many are difficult to crystalize, as they do not naturally occur in crystalline form. Protein crystals are also fragile because they require a high level of hydration (typically 40% 60% water by volume) in order to maintain a biologically relevant structure in the crystal. Despite these challenges, X-ray crystallography is arguably the most common method used to determine three dimensional models of protein molecules. 7 Of the 123,021 structures deposited in the Protein Data Bank as of September 2016, 109,963 (89.4%) were solved with X-ray crystallography.
The first X-ray crystal structure of a protein was reported for myoglobin 8, 9 , which introduced the scientific community to the complexities of protein structure and indicated that proteins could adopt specific three-dimensional folds. It also provided insight into how a specific conformation of protein could drive function. The second protein structure solved was hemoglobin, which showed how proteins can work cooperatively to carry out their biological function. 10, 11
The Physical Science Department at Southern Utah University (SUU) recently purchased a Bruker AXS SMART BREEZE™ System (Figure 1) . It is comprised of a stand-alone cabinet with leaded glass windows enclosing a sealed fine-focus X-ray tube which is water-cooled. The crystal is mounted on a goniometer head with a fixed-chi geometry. Data are collected on a BREEZE TM CCD detector with an active area of 62 mm x 62 mm, fitted with a Peltier thermoelectric cooling chip maintained at -25 °C to reduce background noise. The system is equipped with an Oxford Cryostream 700 in order to control sample temperature and to allow data collection at cryogenic temperatures (ranges from 80 to 400 Kelvin).
Although this system is designed to collect data from crystals with small unit cells, we wanted to evaluate its effectiveness for use with larger unit cells such as those found in protein crystals. When our system was installed, we selected a copper-anode sealed tube for an X-ray source. This is the first and only SMART BREEZE™ system installed by Bruker AXS with a copper tube. 12 We wanted to use copper-K radiation because we hoped to be able to use the system for protein crystals in addition to small molecules. To confirm this expectation, we chose hen egg white lysozyme to carry out our crystallization and diffraction experiments. Hen egg white lysozyme was first isolated and crystallized in 1944. 13 It was the first enzyme to have its structure determined, 14 although the structure wasn't refined until nearly a decade later. 15 Because details of this protein have been studied and very well defined, including crystallization conditions, lysozyme provided a good target to carry out our evaluation experiments. We also tested another available protein standard: xylanase from Trichoderma longibrachiatum. 16 The BREEZE TM CCD detector is on the left, the sealed X-ray tube on the right, and the Cryostream at the top (white arrows).
MATERIALS, METHODS AND RESULTS

Crystallization
Hen egg white (HEW) lysozyme was purchased from Sigma-Aldrich in the form of a lyophilized powder and resuspended in 0.1 M sodium acetate, pH 4.8, at a final concentration of 75 mg/ml. Crystallization was carried out in sitting drops using a reservoir solution consisting of 10% w/v NaCl, 0.1 M sodium acetate pH 4.8, 25% v/v ethylene glycol. 18, 19 For each drop, 7 l of protein solution and 3 l of reservoir solution were mixed together and allowed to equilibrate at room temperature with 1 ml of reservoir solution via vapor diffusion (Figure 2) .
Xylanase was purchased from Hampton Research as a concentrated solution containing the enzyme at 36 mg/ml, 0.18 M Na/K phosphate pH 7, and 43% w/v glycerol. Crystallization was carried out in sitting drops using a reservoir solution containing 1.3 M ammonium sulfate, 200 mM bicine pH 9. The protein solution contained 18 mg/ml xylanase, 21.5% glycerol, 90 mM Na/K phosphate pH 7. For each drop, 2 l of protein solution was added to 1.4 l of reservoir solution and 0.6 l of 1 M NaI, and allowed to equilibrate at room temperature in vapor contact with 1 ml of reservoir solution (Figure 3 ). 17 
X-ray data collection and processing
Crystals of lysozyme were suspended in nylon loops and cooled quickly by placement in a stream of dried nitrogen gas chilled to a temperature of 100 Kelvin (Oxford Cryostream 700, Oxford Cryosystems). X-rays were generated by a 1.5 kW fine-focus copper sealed tube running at 40 kV and 30 mA (Siemens, Germany). A collimated, monochromatic, 1.54-Å X-ray beam 300 m in diameter was directed through the crystal and into a lead beamstop. Diffraction data were collected on a BREEZE™ CCD detector (Bruker AXS).
An example of the diffraction data from a lysozyme crystal can be seen in Figure 4 . A total of 2709 images were collected by oscillating the crystal in 0.5° steps with 60-second exposures to generate a highly redundant (~40-fold overall) dataset. The details of the data collection are listed in Table 1a . The diffraction data were indexed, integrated, scaled and merged using SAINT 20 and SADABS. 21 The X-ray data are listed in Table 2a . A xylanase crystal (Figure 3 ) measuring approximately 0.15 mm × 0.15 mm × 0.85 mm was transferred to a cryoprotected solution consisting of 1.3 M ammonium sulfate, 200 mM bicine pH 9, 30% v/v glycerol and 175 mM NaI for a few seconds and then flash-cooled by plunging into liquid nitrogen. This crystal was held at 100 K for data collection as described above. For this crystal we wanted to test the efficiency of the system by collecting shorter exposures and limiting the data collection time to five hours ( Table 1b) . A shortened data collection time would allow the collection of multiple data sets per day, and would support the feasibility of providing a data collection opportunity to each student group in an academic laboratory. Such efficient data collection on a protein standard like xylanase would allow the incorporation of a crystallography section into an academic biochemistry laboratory. As shown in Table 2b , we were able to collect a complete dataset to 1.78 Å resolution with an overall redundancy of 13.5, an ~13-fold mean signal to noise ratio, and reasonable integration statistics. 
Crystal structure solution and refinement of lysozyme
The unit cell parameters were similar to a tetragonal crystal form of HEW lysozyme with the same space group that was deposited in 1975 by R. Diamond (PDB ID: 1LYZ). 7 The space group for this entry is P43212 with cell dimensions of a = b = 79.10 Å, c = 37.90 Å. We downloaded the atomic coordinates for this structure and removed the solvent molecules. This dehydrated structural model was used to find a molecular replacement solution using the program Phaser in the CCP4 suite. 22, 23 The model was built, adjusted and solvent molecules placed using Coot. 24 Refinement was carried out with REFMAC5. 25 The atomic model and electron density maps displayed in Figure 5 were made with PyMol. 26 
Crystal structure solution and refinement of xylanase
The unit cell parameters of the xylanase crystal were similar to an orthorhombic form of this enzyme in the PDB (ID 4HKL). 7 The space group for this entry is P212121 with cell dimensions of a = 48.3, b = 59.0 Å, c = 69.7 Å. The atomic coordinates for this structure with the solvent molecules removed was used as a search model for molecular replacement using Phaser in the CCP4 suite. 22, 23 The model was adjusted, side chain rotamers were checked and fitted into the electron density map, and solvent molecules were added using Coot. 24 Refinement was carried out with REFMAC5. 25 The atomic model and electron density maps displayed in Figure 6 were made with PyMol. 26 
CONCLUSIONS
Our experiments demonstrate that the Bruker AXS SMART BREEZE™ system equipped with a copper sealed tube and Oxford Cryostream is an effective instrument for data collection from these protein crystals with smaller unit cells. We were able to collect a 40-fold redundant dataset from a lysozyme crystal with an average I/ I of 26.6 in a total time of 53 hours. A good quality 8-fold redundant dataset could have been collected in less than half a day, which underscores the efficiency of this system regarding macromolecular crystals.
Our xylanase project further demonstrates the feasibility of collecting complete, redundant, moderately high-resolution datasets on these protein crystals in a short time period, and that this system has the potential to provide a successful experience in protein crystallography for students in an academic biochemistry laboratory. Although longer exposure times would have likely improved the Rsymm statistics of the data, our five-hour data collection strategy proved sufficient for a structure solution using the technique of molecular replacement, and resulted in a well-defined electron density map that was easily interpreted (Figure 6) , and a molecular model with good stereochemistry and agreement with the experimental data. This seems like a very reasonable exercise to incorporate into an academic lab to provide a nice introduction to the field of protein crystallography, with a reasonably high chance of success for students.
Using this system we are able to address a wide range of crystallographic projects, ranging from simple ionic compounds and organic small molecules to larger macromolecules like small proteins. Our work shows that the signal to noise ratio at close distances is sufficient for these protein standards using the air-cooled BREEZE™ detector. X-ray systems for protein crystals have not previously incorporated this detector which is cooled to only -25 °C using an air-cooled Peltier device. Often, X-ray systems are instead equipped with the APEX II™, a more expensive detector with an identical CCD chip, cooled to -50 °C to minimize dark current, and requiring a water/ethylene glycol heat exchange system. In addition to being less expensive, the aircooled BREEZE™ detector has significantly lower maintenance compared to this water/glycol-cooled detector. The cost of our system is less than half that of a dedicated protein data collection system, yet it still provides an effective platform for analysis of protein crystals with unit cells of up to at least 80 Angstroms. We look forward to future experiments analyzing protein crystals with larger unit cells, to assess the efficiency of data collection when the detector is pushed to greater distances to resolve more tightly-spaced diffraction patterns. The ability to collect data on such a wide range of samples, under a wide range of temperatures provides a relatively cost-effective and powerful analytical tool for academic labs and for a wide variety of undergraduate research projects at Southern Utah University.
